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The development of needle-free injection systems utilizing high-speed microjets is of great im-
portance to world healthcare. It is thus crucial to control the microjets, which is often induced by
underwater shock waves. In this contribution from fluid-mechanics point of view, we experimentally
investigate the effect of a shock wave on the velocity of a free surface (microjet) and underwa-
ter cavitation onset in a microchannel, focusing on the pressure impulse and peak pressure of the
shock wave. The shock wave used had a non-spherically-symmetric peak pressure distribution and
a spherically symmetric pressure impulse distribution [Tagawa et al., J. Fluid Mech., 2016, 808,
5-18]. First, we investigate the effect of the shock wave on the jet velocity by installing a narrow
tube and a hydrophone in different configurations in a large water tank, and measuring the shock
wave pressure and the jet velocity simultaneously. The results suggest that the jet velocity depends
only on the pressure impulse of the shock wave. We then investigate the effect of the shock wave on
the cavitation onset by taking measurements in an L-shaped microchannel. The results suggest that
the probability of cavitation onset depends only on the peak pressure of the shock wave. In addition,
the jet velocity varies according to the presence or absence of cavitation. The above findings provide
new insights for advancing a control method for high-speed microjets.
I. INTRODUCTION
Needle-free injection using a liquid jet is an attractive
alternative to conventional hypodermic injection in terms
of infectious disease prevention[1]. However, in existing
liquid jet injection methods, the jet is diffuse[2], which
causes problems including pain and difficulty in localized
administration, and these problems are a factor imped-
ing the widespread use of needle-free injections. Recently,
the authors have developed a method of generating a fo-
cused jet (diameter of jet tip: several µm)[3, 4] that has
the potential to resolve the existing problems. A charac-
teristic of this method is the use of a laser-induced shock
wave, which when travelling toward a concave air-liquid
interface in a microtube filled with liquid, generates a
high-speed (∼850 m/s) microjet. Delrot et al. demon-
strated that this method can be applied to the inkjet
printing system[5]. Other groups have reported the jet
generating devices which utilize the interaction between
the shock wave and the air-liquid interface[6–9].
The velocity of the jet is known to be determined by
the “pressure” of the shock wave because the jet is gen-
erated as a result of interaction between the air-liquid
interface and the shock wave. In calculations that as-
sume unsteady compressible flow, Turangan[10] showed
that the jet velocity repeatedly increases and decreases
as it develops until it reaches a maximum. This find-
ing suggests that the instantaneous pressure of the shock
wave arriving at the air-liquid interface affects the move-
ment of the air-liquid interface, and the peak pressure of
the shock wave can be considered to be a determinant
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of the jet velocity. Meanwhile, Peters et al. performed
numerical calculations assuming incompressible potential
flow[11]. They showed that jet velocity is proportional to
the gradient of the pressure impulse generated between
the bubble and the interface within the timescale of jet
formation. This shows that, within the said timescale,
the jet velocity can be described without regard to the
behavior of the shock wave. This finding is also consis-
tent with a mesoscale analysis of a jet using an impact
(water-hammer pressure wave)[12]. As described above,
the peak pressure and pressure impulse of the shock wave
are conceivable as physical quantities relating to the jet
velocity. However, because it is difficult to control both
of these independently, the physical quantities that de-
termine the velocity of a focused microjet have not yet
been identified.
In addition, when a relatively strong shock wave
is reflected at the air-liquid interface, it can cause
cavitation[13]. In this microjet as well, cavitation bub-
bles have been identified between the laser-induced bub-
ble and the air-liquid interface[14]. When cavitation oc-
curs, the mode of shock wave propagation changes, and
this causes an increase in the velocity of the jet[15]. The
importance of the pressure impulse during bubble growth
inside a narrow tube has been suggested[16]. Meanwhile,
conditions for cavitation are usually based on the magni-
tude of pressure fluctuation (tensile strength) represented
by the liquid vapor pressure[17]. Because of changes in
the form of the shock wave and difficulties in making
small-scale pressure measurements, there are no exam-
ples of the roles of pressure impulse and peak pressure
being measured and regulated in the same system.
Therefore, in this study, we experimentally investi-
gate the effect of a shock wave on microjet velocity and
cavitation onset, focusing on the pressure impulse and
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2peak pressure of the shock wave. To control the mag-
nitude of the pressure impulse and the peak pressure,
shock waves with non-spherically symmetric pressure dis-
tributions are generated[18, 19]. An interesting charac-
teristic of shock waves of this kind is that they have a
spherically symmetric pressure impulse distribution, de-
spite having a non-spherically symmetric peak pressure
distribution[20]. As a result, the magnitude of the peak
pressure can be independently controlled by changing the
direction of the laser irradiation. In addition, by chang-
ing the laser energy, the magnitude of the pressure im-
pulse can be independently controlled. In this study, we
make use of this characteristic to measure the pressure
and jet velocity in the directions parallel and perpen-
dicular to the laser irradiation direction. In addition,
we observe cavitation onset at this time using captured
images, and discuss how our results can contribute to
improve controllability.
The remainder of this paper is outlined as follows. Sec-
tion II describes the two experimental setups used in this
study. Next, Section III describes the effect of shock
wave pressure on jet velocity in the water tank exper-
iment. Section III A describes the measurement of the
shock pressure waveform through the water tank exper-
iment, and Section III B describes the effect of the peak
pressure and pressure impulse on the jet velocity. Next,
Section IV describes the effect of the shock wave on cav-
itation in the experiment inside an L-shaped microchan-
nel. Section IV A describes the probability of cavitation,
and Section IV B describes the effect of the presence or
absence of cavitation on jet velocity. Finally, Section V
summarizes this paper.
II. METHOD
Two experimental setups were constructed for this
study. The first setup was used to determine the effect
of the shock wave pressure on the jet velocity in a water
tank (Fig. 1). The second setup was used to investigate
the effect of the shock wave pressure on cavitation in an
L-shaped microchannel (Fig. 2). Because it is difficult to
measure the pressure in the microchannel, the pressure in
the L-shaped microchannel was assumed to be the same
as the pressure measured in the water tank experiment.
A. Simultaneous measurement of underwater
shock wave pressure and microjet velocity (water
tank experiments)
Fig.1 shows the setup for measuring the underwater
shock wave pressure and microjet velocity (hereafter,
“water tank experiments”). The method and conditions
for generating shock waves are the same as those used
in our previous study[20]. An underwater shock wave is
generated by a 532-nm pulsed laser (Nd:YAG; Nano S
PIV, Litron Lasers) with a pulse duration of 6 ns, fo-
cused through an objective lens (MPLN series, Olym-
pus) inside a tank (300×300×450 mm3) filled with water.
The water is distilled using a water purification system
(Milli-Q Integral, Merck; 13 MΩ·cm) at room tempera-
ture (15∼20◦C) and gas saturated. Using three types of
objective lenses makes it possible to change the magni-
tudes of the peak pressure and pressure impulse of the
shock wave. Table I shows the characteristics of each
lens. The range of laser energy is 3-10 mJ, and the mea-
surement error is ±5%.
The experiment is carried out using two setups
(Fig.1(a) and (b)) in order to obtain the shock wave pres-
sure and jet velocity in two directions. In Fig.1(a), hy-
drophone (Needle Probe, Mueller Instruments; measur-
able range: -10 - 100 MPa; rise time: 50 ns, measurement
error: ±2% [21]) is installed along the laser irradiation
direction (hereafter, θ = 0◦), and a narrow glass tube
(d = 500 µm) is installed perpendicular to the laser ir-
radiation direction (θ = 90◦). Note that θ denotes the
angle from the laser irradiation direction. In Fig.1(b),
the narrow glass tube is installed along the laser irradia-
tion direction (θ = 0◦), and the hydrophone is installed
perpendicular to the laser irradiation direction (θ = 90◦).
The time history of the shock wave pressure is measured
using an oscilloscope (ViewGo II DS-5554A, IWATSU;
rise time: 750 ps; maximum sampling rate: 2 GS/s) con-
nected to the hydrophone. The distance from the laser
focal point to the end faces of the hydrophone and narrow
glass tube is 5.0 ± 0.1 mm. One end of the narrow glass
tube is connected via a plastic tube to an air-filled sy-
ringe. The position of the air-liquid interface in the glass
tube is adjusted using a syringe pump (ULTRA 70-3005,
Harvard). The other end of the glass tube is open. The
position of the air-liquid interface is adjusted to be at the
end of the tube. When a laser-induced shock wave arrives
at the air-liquid interface, the air-liquid interface forms
a jet directed toward the inside of the narrow tube. The
jet velocity Vj is measured from images captured using a
high-speed camera with a spatial resolution of 1,024×124
pixels and a recording rate of 80,000 fps (FASTCAM SA-
X, Photron). Specifically, Vj is measured between the
image taken at the instant that the air-liquid interface
inside the glass tube focuses and the next image, using
the distance travelled by the tip of the jet. An LED light
source (KL 1600 LED, OLYMPUS) is used. The pulsed
laser and high-speed camera are synchronized using a de-
lay generator (Model 575 Pulse/Delay Generator, BNC).
TABLE I. Variety of the microscope objective. N.A. : the
numerical aperture, W.D. : the working distance, F.A. : the
focusing angle of the objective lens, Diameter : the diameter
of the focused laser beam.
Magnification N.A W.D. F.A. Diameter
5× 0.10 20.0 mm 1 ◦ 6.5 µm
10× 0.25 10.6 mm 4 ◦ 2.6 µm
20× 0.25 25.0 mm 6 ◦ 2.6 µm
3FIG. 1. Experimental setup for measuring shock pressure
and jet velocity (water tank experiments). Expanded views
show the measurement area in the water tank. The laser spot
is situated on the origin. (a) the hydrophone is placed on θ
= 0◦ (y-axis) and the glass tube on θ = 90◦ (x-axis). (b) the
hydrophone on θ = 90◦ (x-axis) and a glass tube on the θ =
0◦ (y-axis).
FIG. 2. Experimental setup for generating microjets in L-
shaped microchannel (L-shaped microchannel experiments).
(a) and (b) correspond to the microjet directed toward θ =
90◦ (x-axis) and θ = 0◦ (y-axis), respectively. The laser is
incident from the positive side of the y-axis.
B. Microjet formation in L-shaped microchannel
(L-shaped microchannel experiments)
Fig.2 shows the setup for forming a microjet inside the
narrow tube (hereafter, “L-shaped microchannel exper-
iments”). The equipment used to generate the jet and
measure its velocity is the same as for the experiments
in the water tank. The jet is formed inside the glass
(quartz glass, 10×5×25 mm3), which has an L-shaped
microchannel. One section of the microchannel (800 µm
in diameter) is connected to a syringe filled with dyed
water. The energy absorption efficiency of dyed water is
higher than that of pure water. Therefore, laser-induced
bubbles can occur at lower laser energies than in the wa-
ter tank experiments. The range of input energy of the
laser is 102-625 µJ, and the measurement error is ±10%.
Only the 10×objective lens is used. The position of the
air-liquid interface is manipulated using a syringe pump.
The range of distance H from the air-liquid interface to
the laser-induced bubble is 800-2700 µm. The other sec-
tion of the microchannel (diameter d =500 µm) is open to
the atmosphere and contains the air-liquid interface. The
pulsed laser is focused on the orthogonal portion of the
microchannel. In Fig.2(a), the air-liquid interface that
generates the jet is perpendicular to the laser irradiation
direction (θ = 90◦). In Fig.2(b), the air-liquid interface
is in the laser irradiation direction (θ = 0◦). Because
the inside diameter of the microchannel is much smaller
than the radius of the hydrophone, it is not possible to
measure the pressure. In this experiment, the pressure
distribution of the underwater shock wave generated in
the experiments in the L-shaped microchannel is assumed
to be the same as the pressure distribution of the shock
wave generated in the experiments in the water tank.
III. RESULTS AND DISCUSSION
(WATER TANK EXPERIMENTS)
A. Preliminary experiment
This section confirms that the shock waves generated
using these experimental setups are similar to those gen-
erated in our previous report[20]. Fig.3 shows time histo-
ries of shock wave pressure in the two directions measured
in the water tank experiments. Note that the pressure
in each direction is not measured simultaneously. The
horizontal axis shows elapsed time from laser irradiation,
and the vertical axis shows pressure. When the pressure
is p = 0, it indicates hydrostatic pressure. Fig.3(a) and
Fig.3(b) show the results when a 5× objective lens is
used, Fig.3(c) and Fig.3(d) show the results when a 10×
objective lens is used, and Fig.3(e) and Fig.3(f) show
the results when a 20× objective lens is used. Fig.3(a),
Fig.3(c), and Fig.3(e) show the pressure waveform ob-
tained for θ = 90◦, and Fig.3(b), Fig.3(d), and Fig.3(f)
show the pressure waveform obtained for θ = 0◦. The
laser energy was taken to be 3.0 ± 0.6 mJ. The pressure
waveform obtained for θ = 90◦ differs greatly from that
obtained for θ = 0◦. For θ = 90◦, there is one sharp pres-
sure peak. For θ = 0◦, the pressure changes gradually,
and there is a greater number of pressure peaks. This
agrees well with our report[20], so the shock wave gen-
4FIG. 3. Pressure vs. time measured by hydrophones placed
at θ=90◦ and θ=0◦. The horizontal and vertical axes repre-
sent the time from laser irradiation and the pressure detected
by the hydrophone, respectively. (a) hydrophone: θ=90◦,
magnification: 5×; (b) hydrophone: θ=0◦, magnification: 5×;
(c) hydrophone: θ=90◦, magnification: 10×; (d) hydrophone:
θ=0◦, magnification: 10×; (e) hydrophone: θ=90◦, magnifi-
cation: 20×; (f) hydrophone: θ=0◦, magnification: 20×. The
laser energy is 3.0 mJ.
erated using these experimental setups is considered to
have an non-spherically-symmetric pressure distribution,
similar to that generated previously. In our report[20],
we discussed the mechanism in detail and demonstrated
that the peak pressure of the shock wave differs according
to the propagation direction, but the pressure impulse is
equal regardless of the propagation direction. In the ex-
perimental setups used in this study as well, the pressure
impulse is considered to show similar tendencies to those
reported in our report[20].
B. Effect of pressure impulse and peak pressure on
microjet velocity
First, we consider the effect of the shock wave pressure
impulse on microjet velocity. The pressure impulse is
given by the following equation:
I =
∫
pdt (1)
Here, I indicates the pressure impulse, t indicates the
time that the pressure impulse acts on the fluid, and p
indicates the pressure that acts on the fluid in a short
period of time. Under the experimental conditions of
this study, the time at which the shock wave acts on the
interface is between 2-5 µs after the laser pulse is emit-
ted (see Fig. 3). Fig. 4 shows the jet velocity vs. the
pressure impulse, where the range of laser energy is 3-10
mJ. The horizontal axis of the graph shows the pressure
FIG. 4. Microjet velocity vs. pressure impulse. Circle
markers: the glass tube and the hydrophone are arranged on
θ = 0◦ and θ = 90◦, respectively (see Fig.2(a)). Triangle
markers: the glass tube and the hydrophone are arranged
on θ = 90◦ and θ = 0◦, respectively (see Fig.2(b)). Green,
blue and red plots designate experiments with a 5×, 10×,
20× objective microscope lens, respectively. The error bars
correspond to the standard deviation calculated from 5 trials.
FIG. 5. Peak pressure vs. pressure impulse. Markers and
colors mean the same as shown in Fig.4.
impulse obtained using the hydrophone, and the vertical
5axis shows the velocity of the jet generated in the tube.
The plots represent mean values obtained after conduct-
ing the test five times, and the error bars indicate the
corresponding standard deviations. When the pressure
impulse is below 0.2 Pa·s, the jet velocity is zero. When
the pressure impulse is above 0.2 Pa·s, the jet velocity is
roughly proportional to the pressure impulse. In addi-
tion, the jet velocity is almost constant regardless of the
type of objective lens and the orientation of the equip-
ment. The pressure impulse differs greatly for each ob-
jective lens, even though the range of laser energy is the
same. The reason for this is considered to be the laser
focusing shape[22].
Fig. 5 shows the peak pressure vs. the pressure im-
pulse measured using the hydrophone. The peak pressure
and pressure impulse are measured simultaneously using
one hydrophone. The peak pressure is proportional to
the pressure impulse, but the gradient strongly depends
on the propagation direction. The peak pressure for θ =
90◦ is approximately three times higher than that for θ
= 0◦. If the jet velocity was dependent on the peak pres-
sure, the jet velocities in Fig. 4 would vary according to
the direction of propagation. However, since this is not
the case, the jet velocity is considered to be dependent
on the pressure impulse, rather than the peak pressure.
The timescale for jet formation τ∼r/Vj is approximate
25 µs (r=250 µs, Vj ≈10 m/s), which is much larger than
pressure duration of the shock wave (≤2 µs, see Fig.3).
Therefore the entire pressure impulse contributes to jet
formation, and determines microjet velocity. Note that
the Laplace pressure (p = 2σ/R) on free-surface is ap-
proximately 0.3 kPa (σ ∼70 mN/m, surface curvature
R∼250 µm), which is much lower than the shock pres-
sure (∼ O(1) MPa). It indicates that the surface tension
does not hinder the jet formation for both θ = 0◦ and θ
= 90◦.
IV. RESULTS AND DISCUSSION
(L-SHAPED MICROCHANNEL EXPERIMENTS)
A. Probability of cavitation
This section describes the effect of a shock wave with
an non-spherically-symmetric pressure distribution on
the probability of cavitation inside an L-shaped mi-
crochannel. In the water tank experiments, when the
distance from the laser-induced bubble to the air-liquid
interface was 5 mm, the lowest peak pressure of the un-
derwater shock wave was approximately 0.5 MPa (Fig.
4). If the shock wave traveling inside the L-shaped tube
is comparable to that in the water tank, the expansion
wave occurring at the air-liquid interface inside the L-
shaped tube is considered to be smaller than the satu-
rated vapor pressure of water (≈ 2 kPa). Therefore, the
expansion wave is considered to have a negative pressure
that can cause cavitation in the liquid. Fig. 6 shows the
probability of cavitation occurring in the L-shaped mi-
FIG. 6. Probability of cavitation as a function of distance
from a laser-induced bubble to meniscus. The circles and
triangles are the probabilities obtained for θ=0◦ and θ=90◦,
respectively. The black line and dotted line are fits using a
sigmoid function.
crochannel. The horizontal axis is the distance H from
the laser-induced bubble to the air-liquid interface, and
the vertical axis is the probability of cavitation. Each
plot represents the probability from five trials. In this
case, the laser energy is constant at 650 µJ. As H in-
creases, the amount of bubble nuclei is considered to in-
crease with the volume of fluid. Therefore, the proba-
bility of cavitation increases with H[15]. The probabil-
ity of cavitation is approximated using the least-squares
method using the sigmoid function [Prob. = 1·[1+exp〈-
{(x-a)/b}〉]−1][23]. The solid line (a = 811, b = 145)
indicates the approximate curve for θ = 90◦, and the
dotted line (a = 1164, b = 260) indicates the approxi-
mate curve for θ = 0◦. When H ≤ 2000, the probability
of cavitation at θ = 90◦ is greater than at θ = 0◦. When
H>2000, the probability of cavitation at θ = 90◦ and at
θ = 0◦ is 1.
Cavitation can occur when the pressure around the
bubble nucleus is lower than the vapor pressure. A
large negative pressure increases the probability of
cavitation[23]. The magnitude of the negative pressure
is considered to be proportional to the magnitude of the
shock wave before it is reflected at the air-liquid interface
(Fig. 3). Therefore, the magnitude of the peak value of
negative pressure of the underwater shock wave propa-
gating at θ = 90◦ is considered to be greater than that
at θ = 0◦.
For θ = 90◦, the air-liquid interface is positioned per-
pendicular to the laser irradiation direction. As a result,
for θ = 90◦, a shock wave with a high peak pressure prop-
agates, and the probability of cavitation is considered to
increase. Meanwhile, for θ = 0◦, the air-liquid interface is
positioned in the laser irradiation direction. As a result,
for θ = 0◦, a shock wave with a low peak pressure prop-
agates, and the probability of cavitation is considered to
decrease. The above results suggest that the probability
6of cavitation is affected by the magnitude of the peak
pressure of the shock wave.
Here we discuss a possible scenario based on the theory
of bubble dynamics. The lifetime of cavitation bubble[24]
in this study is approximate 20-30 µs, much larger than
pressure duration (∼ O(1) µs). Nevertheless, pressure
impulse does not play any dominant role. It is likely
that the force balance in rapid expansion of a bubble is
important. The motion of a homogeneous bubble is de-
scribed the Rayleigh-Plesset equation[25]. This equation
indicates that the expansion of a small bubble (i.e., cavi-
tation nucleus) requires large pressure difference surpass-
ing the Laplace pressure (= 2σ/R) across the bubble sur-
face. Our experimental results suggest that the Laplace
pressure against bubble expansion is ∼ O(1) MPa, much
larger than that in the jet formation (§III B). Unless the
pressure difference exceeds the threshold, the bubbles do
not expand. Thus, the pressure impulse should not be
considered as the criterion of cavitation onset.
B. Changes in microjet velocity with
presence/absence of cavitation
This section shows the results of measuring jet veloc-
ity focusing on the presence or absence of cavitation in
the L-shaped microchannel experiments. First, we look
at microjets when the laser energy is relatively low and
cavitation does not occur. The jet velocity is not subject
to the action of cavitation, so it is expected to depend
on the magnitude of pressure impulse and not to change
with the laser irradiation direction. Fig. 7 shows snap-
shots taken during microjet formation for θ = 0◦. In the
initial state (t = 0), the air-liquid interface has a concave
shape. A laser-induced bubble occurs (t = 17.5 µs) at the
wall through which the laser passes. The air-liquid inter-
face displaces immediately after laser irradiation, and a
focused microjet forms. Due to the limitations of the
photographic equipment, it is difficult to photograph the
microjet and the shock wave simultaneously. Because a
laser-induced bubble occurs, it is thought that the shock
wave develops in association with rapid expansion of the
bubble, and the microjet forms as a result from the air-
liquid interface (t = 25.0 µs). Next, Fig. 8 shows the
jet velocity Vj for various values of H, in the case of
θ = 0◦ and θ = 90◦. The vertical and horizontal axes
are logarithmic. The laser energy is constant at 185 µJ.
The plots represent mean values obtained after conduct-
ing the test five times, and the error bars indicate the
standard deviations. The solid line shows the gradient
of the inversely proportional relationship. For θ = 0◦,
the contact angle θ between the air and the liquid at the
air-liquid interface changes with H due to the effect of
gravity, so the values of Vj take account of changes in the
contact angle between the air and liquid[3]. The jet ve-
locity Vj decreases with increasing H. It is thought that
Vj is inversely proportional to the distance because the
shock wave pressure decays in inverse proportion to the
propagation distance[26]. In addition, the jet velocity for
θ = 0◦ is approximately equal to for θ = 90◦. The pres-
sure impulse propagating to the air-liquid interface was
equal in each setup, so the jet velocity is considered to
be roughly constant regardless of direction, as expected.
Next, we look at microjets when the laser energy is
relatively high and cavitation occurs. Fig. 9 shows snap-
shots taken during microjet formation for θ = 0◦. The
distance H is 2000 µm. When t = 17.5 µs, cavitation
occurs near the air-liquid interface, which is thought to
have been generated by an expansion wave reflected by
the shock wave at the air-liquid interface. In general,
cavitation can occur when the pressure in a liquid at a
bubble nucleus is lower than the vapor pressure of the
liquid. The peak pressure of the shock wave increases
with the laser energy. Therefore, the negative pressure
of the expansion wave produced by reflection at the air-
liquid interface increased and cavitation occurred. Fig.
10 shows the relationship between H and Vj . These jet
velocities were measured at the same time as the proba-
bility of cavitation (Fig. 6). The laser energy is constant
at 650 µJ. Cavitation occurred in most cases when the
microjets measured in Fig.10 formed. When H≤1500,
the relationship between H and Vj is inversely propor-
tional, and this agrees well with the trend shown when
the laser energy is weak (Fig. 8). When H>1500, the
results for θ = 0◦ approximate the solid line indicating an
inversely proportional relationship. On the other hand,
in the case of θ = 90◦, the velocities are higher than
the solid line indicating an inversely proportional rela-
tionship. When there was increased velocity, cavitation
always occurred.
Kiyama et al.[15] identified the possibility of relaxation
of negative pressure in the liquid due to the occurrence of
cavitation as a cause of increased velocity. The larger the
maximum cavitation volume, the greater the amount of
relaxation of negative pressure due to cavitation. Under
the experimental conditions used in this study, there were
an average of two images that captured cavitation per
trial, so it is difficult to determine maximum cavitation
volume. However, in light of the fact that the probability
of cavitation differs between θ = 0◦ and θ = 90◦, the
maximum cavitation volume in either direction is also
expected to differ in a similar manner. The jet velocity
for θ = 90◦ is considered to have been higher than for
θ = 0◦, because the maximum cavitation volume for θ
= 90◦ was greater than for θ = 0◦. Based on the above
findings the jet velocity is considered to change according
to the cavitation volume, and the jet velocity at the onset
of cavitation is considered to be affected by the peak
pressure.
Above findings might contribute to improve controlla-
bility of microjet velocity. When H is relatively small,
cavitation does not occur in a microchannel. Thus the
jet velocity is constant irrespective to the direction of a
laser irradiation, leading to the increase in freedom for
designing microjet generators. When H and the laser
energy are relatively large, cavitation occurs. Although
7FIG. 7. Photograph of the microjet generated during exper-
iments in the L-shaped microchannel for θ = 0◦. H = 1080
µm and the frame interval is 17.5 µs. The laser is incident
from the right side and the laser energy is 185 µJ.
FIG. 8. Jet velocity as a function of distance from laser-
induced bubble to the air-liquid interface. The laser is inci-
dent from the right side and the laser energy is 185 µJ. The
circles and triangles designate results for θ = 0◦ and θ = 90◦,
respectively. The error bars are the standard deviation.
it can cause the cavitation-assisted increment of microjet
velocity, the controllability of jet velocity gets worse. Our
experimental results (see Fig.6) indicate that a suitable
FIG. 9. Photograph of the microjet generated at θ = 0◦ with
the cavitation bubbles. H = 1080 µm and the frame interval
is 17.5 µs. The laser is incident from the right side and the
laser energy is 650 µJ.
FIG. 10. Jet velocity as a function of distance from laser-
induced bubble to the air-liquid interface. The laser is inci-
dent from the right side and the laser energy is 650 µJ. The
circles and triangles designate results for θ = 0◦ and θ = 90◦,
respectively. The error bars are the standard deviation.
choice of the direction reduces cavitation onset, leading
to high controllability of microjet velocity.
8V. CONCLUSION
In this paper, we experimentally investigated the effect
of laser-induced underwater shock waves on high-speed
microjet velocity and underwater cavitation, focusing on
the pressure impulse and the peak pressure of the shock
wave. We focused on a characteristic of non-spherically-
symmetric shock waves: namely, a non-spherically sym-
metric peak pressure distribution and a spherically sym-
metric pressure impulse distribution. We made use of
this characteristic to measure the pressure and jet veloc-
ity parallel and perpendicular to the direction of laser
irradiation.
Using the first experimental setup, we investigated the
effect of the shock wave pressure on the jet velocity in
a water tank. We demonstrated that the jet velocity is
dependent on the magnitude of the pressure impulse, re-
gardless of the magnitude of the peak pressure. Using
the second experimental setup, we investigated the effect
of the shock wave pressure on cavitation in an L-shaped
microchannel. We showed that the probability of cavi-
tation changes according to the magnitude of the peak
pressure. The jet velocity at the onset of cavitation can
be considered to be affected by the peak pressure. In
addition we discuss controllability of micojet velocity in
a microchannel. We suggest that our novel findings have
potentials to improve flexibility of the design or control-
lability of microjet velocity.
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